Abstract
Introduction

103
Toxoplasma gondii is a major source of congenital disease, with ~200,000 global cases 104 of congenital toxoplasmosis reported each year (1). In the majority of instances (~80%), in utero 105 infections by T. gondii result in a range of severe birth defects, including ocular disease and 106 developmental delays, and can also result in fetal death (2). However, despite the clear impact of
107
T. gondii infections on fetal health, the mechanisms by which the parasite is transmitted from the 108 maternal bloodstream into the fetal compartment are largely unknown.
109
In eutherian organisms, the placenta serves as the sole source of gas, nutrient, and waste 
117
In general, the pathways that exist in the human placenta to limit the vertical transmission 118 of microbes are poorly defined. Our previous studies in primary human trophoblast (PHT) cells, 119 which were focused on viral pathogens, have identified at least two potent antiviral pathways that 120 restrict viral replication in trophoblasts (3, 4). However, these pathways do not appear to be 121 relevant during infection with non non-viral pathogens, including T. gondii (5). While studies in 122 placental explants suggest that the SYN layer is not permissive to T. gondii infection (6), the 123 mechanistic basis for SYN resistance is incompletely understood, as is whether the SYN layer 124 mounts any innate defense in response to parasite exposure. Moreover, while placental explant 125 models are useful in their recapitulation of placental structure, they are limited in their capacity to 126 dissect trophoblast cell type-specific pathways that might exist to limit T. gondii infection.
127
In this study, we interrogated the trophoblast cell-type specificity of T. gondii infection 
145
RESULTS
147
Syncytiotrophoblasts isolated from term placentas resist T. gondii infection
148
We found that PHT cells isolated from full term placentas exhibited reduced susceptibility to T.
149
gondii infection when compared to primary human foreskin fibroblast (HFF) cells (Supplemental 150 Figure 1A , 1B). These data are consistent with our previous work demonstrating that PHT cells 151 exhibit reduced susceptibility to infection by the three major types of T. gondii in North America
152
and Europe compared to non-placental cells (7) . Importantly, human trophoblast cell lines
153
(including BeWo, HTR8, and JEG-3 cells) were unable to recapitulate this restrictive phenotype 154 6 and were permissive to parasite infection (Supplemental Figure 1C) . In addition, this phenotype 155 was specific to PHT cultures as primary placental fibroblasts were as permissive to infection as Figure 1D) .
156
HFF cells (Supplemental
157
PHT cells isolated from full-term placentas spontaneously fuse to form SYNs during their 158 culture period (~72hrs), with some retaining a mononuclear CYT phenotype. Therefore, to 159 determine whether the lack of PHT cell infection occurred in a cell-type specific manner, we 160 infected PHT cells with YFP-tagged T. gondii (RH strain) and quantified parasite growth 161 specifically in CYTs versus SYNs. These studies revealed dramatic differences in the 162 susceptibility of SYNs and CYTs to T. gondii infection-whereas CYTs were permissive to 163 infection, SYNs were highly resistant ( Figure 1A, left) . Furthermore, we observed that parasites
164
within SYNs replicated to a lesser degree, as indicated by a highly significant reduction in total 
169
Importantly, fusion of BeWo cells with forskolin, which induces syncytin-mediated fusion (7), was 170 not sufficient to confer resistance to T. gondii infection (Supplemental Figure 1E) , supporting 171 that this phenomenon is specific to primary cells.
172
Transmission electron microscopy (TEM) revealed that whereas parasite growth and PV 173 morphology were normal in mononucleated cells within the preparation (which are likely CYTs 174 but could also be rare contaminating placental fibroblasts), SYN-internalized parasites were found 175 within PVs containing host cell cytoplasmic contents indicative of a loss of vacuole integrity
176
( Figure 1B) . Moreover the parasites within these PVs contained more vacuoles of minimal 177 electron density and poorly defined organelles ( Figure 1B) 
186
The primary mechanisms for cell-autonomous immunity to T. gondii are driven by the effector 
202
In addition to the intracellular control of parasite replication, it is possible that SYNs are 
215
SYNs, which were easily distinguishable using DIC based upon the number, size, and clustering 216 of their nuclei. Using this approach, we found that there were significantly fewer parasites overall
217
(i.e., uninvaded and invaded) that were associated with SYNs compared to CYTs (normalized for 218 cell area; p=0.010; Figure 2D ). However, the percentage of invasion events (of all total parasite 219 associations) was nearly identical between SYNs and CYTs, demonstrating that while there is a 220 significant defect in parasite attachment to and/or association with, SYNs, there is no obvious types to be specific for T. gondii and are not associated with infection by one of its apicomplexan 257 relatives, Neospora caninum (14) , (15, 16 
303
show that the SYN layer also forms a barrier to T. gondii vertical transmission in mid-gestation. 
309
and CCL22 (Figure 5D, 5E ). We confirmed that CCL22 was induced at the protein level by ELISA 310 in supernatants from T. gondii-infected second trimester villi ( Figure 5F ). 
382
In addition to resisting T. gondii infection, our data show that PHT cells robustly induce the 383 chemokine CCL22 in response to infection by a Myr-1 dependent effector secretion mechanism.
384
We do not know which cell types within the PHT preparation produce CCL22 after exposure to T. 
391
The precise role of CCL22 in human pregnancy is unknown, but maternal cells express
392
CCL22 at low levels throughout pregnancy, with increased levels associated with miscarriage 
416
MATERIALS AND METHODS
417
Cell culture
418
All cell and tissue cultures were incubated at 37°C and 5% CO 2 and all media were supplemented 419 with 10% FBS and 50 µg/mL penicillin/streptomycin. JAR and HTR8 cells were grown in RPMI- 423 cells were isolated from healthy, term-pregnancies, and were cultured as described previously(3, 424 9). PHT cells were cultured for ~48h prior to infection to allow for SYN formation. Primary placental
425
fibroblasts were isolated and cultured as described previously (32) .
427
Midgestation Placental Explants
428
Human placental tissue from less than 24 weeks gestation was obtained from the University of
429
Pittsburgh Health Sciences Tissue Bank through an honest broker system after approval from the infections, infected monolayers were scraped and syringe-lysed to release the tachyzoites. These 444 parasites were then pelleted at 800 x g for 10 minutes, resuspended in fresh media, filtered 445 through a 5 µm filter, and counted to determine the appropriate dilution for infection. Mock
446
inoculum was produced by filtering out the tachyzoites with a 0.2 µm filter.
447
Parasite growth curves were generated by luciferase assay (Promega) using luciferase- 
467
For RT-qPCR analyses, RNA was isolated as described above and cDNA generated using 468 the iScript cDNA synthesis kit (Bio-Rad), followed by qPCR using a StepOnePlus Real-Time PCR
469
System (ThermoFisher). The DC T method was used to determine gene expression and
470
normalized to the human actin C T of each sample. Primer sequences were as follows: Actin-
471
ACTGGGACGACATGGAGAAAAA (Forward, 5'-3'); GCCACACGCAGCTC (Reverse, 5'-3').
472
CCL22-GTGGTGTTGCTAACCTTC (Forward, 5'-3'); GGCTCAGCTTATTGAGAATC (Reverse,
473
5'-3').
475
Microscopy
476
Cell monolayers and placenta explants were fixed in 4% paraformaldehyde and permeabilized
477
with 0.1% Triton X-100 in 1x PBS. Primary antibodies were incubated for 1h at room temperature, 
